Abstract−Ceria and zinc oxide catalyst were impregnated onto various oxide supports, namely Al 2 O 3 , TiO 2 and SiO 2 , individually by deposition-coprecipitation method. The synthesized catalysts (CZA, CZS and CZT having supports Al 2 O 3 , TiO 2 and SiO 2 , respectively) were characterized by X-ray diffraction (XRD), NH 3 -and CO 2 -temperature programmed desorption (TPD) and N 2 adsorption. These catalysts were used for synthesis of dimethyl carbonate (DMC) from methanol and propylene carbonate in a batch reactor. CZS was found to have larger average grain size as compared to CZA and CZT. Composite oxides (catalysts) were found to contain individual phases of ZnO, CeO 2 and some spinel forms of Zn, Ce along with their supports. CZS having highest basicity and surface area showed better catalytic activity as compared to CZA and CZT. Effect of reaction temperature and methanol/PC molar ratio on DMC yield was studied and a reaction mechanism has been discussed. Maximum DMC yield of 77% was observed with CZS catalyst at 170 o C with methanol/PC molar ratio of 10.
INTRODUCTION
Dimethyl carbonate (DMC) is an environmentally benign building block chemical compound that has diversified uses in the chemical industry [1] . It has low eco-toxicity, and low persistence and bioaccumulation in life forms [2, 3] . DMC is a non-toxic chemical widely used as a methylation agent for substituting the highly toxic dimethyl sulfate and dimethyl halides, and also as a carbonylation agent in various applications [1] [2] [3] . The high dielectric constant of DMC allows it to be used as an electrolyte too. It is also used in electrolytic lithium batteries [3] . DMC is used in the production of glycerol carbonate [4, 5] , O-methylation [6] , diphenyl carbonate [7] , and can be used as a substitute in place of many conventional solvents [4] [5] [6] [7] [8] .
DMC is also an alternative oxygenate additive in gasoline-based fuels in place of toxic and poorly biodegradable methyl tert-butyl ether (MTBE). It has higher oxygen content on weight basis (53.3%) in comparison to methanol (50%), ethanol (34.89%) and MTBE (17.6%). The use of DMC in gasoline also reduces the emission of solid particulates (SPM) and NOx [1] [2] [3] .
Traditionally, DMC was produced by using the phosgenation process, methanol oxycarbonylation process and methyl nitrite carbonylation process. Phosgenation of methanol was considered to be hazardous, and therefore, this process of DMC production was abandoned by 1980. Currently, DMC is predominantly produced from methanol oxycarbonylation process [1] [2] [3] . These conventional DMC production processes are not considered to be safe, as they suffer from problems such as the production of carbon monoxide, hydrogen chloride and nitric oxide through the complex reaction pathways [1] [2] [3] . Some other pathways used for the production of DMC such as the direct synthesis from CO 2 suffer from low conversion to DMC, and has thermodynamic limitations [9] [10] [11] [12] . Urea methanolysis process suffers from low selectivity because of the formation of the byproducts such as methyl carbamate, N-methyl urea, N-methyl methyl carbamate [13] [14] [15] . Transesterification of propylene carbonate (PC) with methanol is a promising method for the synthesis of DMC. The catalytic mechanism for transesterification of PC with methanol is shown in Scheme 1. PC gets easily converted to DMC in the presence of a catalyst, but the reaction is reversible and propylene glycol (PG) is formed as byproduct [15] . In this reaction, yield of DMC is higher than other routes. Also, the number of byproducts is less; therefore, separation of products and raw materials is easy and economical as compared to other routes of DMC formation. Although each production method has its own drawback, transesterification of PC with methanol is a promising and feasible method for the synthesis of DMC, especially in the framework of green chemistry, and is environmentally benign as compared to other routes. This route is sustainable, clean, and there is no formation of any harmful or waste byproduct [15] .
Ceria-zinc oxide based catalysts have been used in CO oxidation, steam reforming, methanolysis, desulfurization, etc. as shown in Table S1 . Comparative assessment of the characterization of ceriazinc based catalysts and their applications are given in Table S1 . It can be seen that the ceria-zinc oxide supported on Al 2 O 3 /SiO 2 /TiO 2 has never been used for the synthesis of DMC using transesterification reaction. Most of the researchers also did not characterize the ceria-zinc catalyst.
Various catalysts have been investigated for the synthesis of DMC from PC and methanol such as ion exchange resins [16] , pure metal oxide [17] , basic ionic liquids [18] , mixed metal oxide [19] and double metal cyanide [20] . Comparative performance of various catalysts used for the synthesis of DMC using transesterification of PC is given in Table 1 [20] [21] [22] [23] [24] . Srivastava et al. [20] reported that the double metal cyanide catalysts used for the synthesis of DMC gave 87.7% yield after 8 h reaction time. Jeong et al. [21] reported 54.1% conversion and 86.5% selectivity after 6 h with methanol to PC ratio 8 : 1. Wang et al. [22] reported 55% conversion of PC using the CaOZrO 2 catalyst after 2 h of reaction with a methanol to PC ratio of 6 : 1. Liu et al. [23] using Na-ZrO 2 catalysts, reported 50% conversion of PC after 1.5 h with a methanol to PC ratio of 5 : 1. Unikrishnan and Srinivas [24] reported 65.4% PC conversion using hydrotalcite based catalyst for the synthesis of DMC from methanol and PC (with 10 : 1 ratio) in 2 h time. To the best of our knowledge, transesterification of PC with methanol in the presence of ceriazinc oxide catalyst supported on Al 2 O 3 /SiO 2 /TiO 2 has not been reported to date.
In this work, a series of cerium-zinc composite oxide catalysts were synthesized using the deposition-coprecipitation method and characterized using X-ray diffraction (XRD), N 2 -sorption and Fourier transform infrared spectroscopy (FTIR) techniques. Basicity and acidity of the synthesized catalysts were determined by CO 2 -and NH 3 -temperature-programmed desorption (TPD), morphology of catalysts was studied using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). The catalysts were then tested for the production of DMC using transesterification of PC with methanol.
EXPERIMENTS

Materials
Zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O), cerium nitrate hexahydrate (Ce(NO 3 ) 3 ·6H 2 O) and DMC were purchased from Himedia Chemicals, India; Al 2 O 3 and TiO 2 were kindly supplied by Evonik Degussa Gmbh; SiO 2 from Thomas Baker; ammonia solution and methanol from Renkem, India. Standard samples of DMC, PC and PG were purchased from Aldrich, India. Only analytical grade (AR) chemicals were purchased and used as required. Double distilled water was used in the synthesis of the catalyst, washing, etc.
Catalyst Preparation
Ceria and zinc oxide were impregnated onto various oxide supports, namely Al 2 O 3 , TiO 2 and SiO 2 . These catalysts were synthesized in the CeO 2 : ZnO : support=1 : 1 : 2 molar ratio by a deposition-coprecipitation method using liquid ammonia as the precipitating agent. Metal precursors such as hexahydrates of cerium nitrate and zinc nitrate were dissolved separately in double distilled water with a 1 : 1 molar ratio and mixed together at room temperature. The supporting oxide was dispersed in water, stirred vigorously and thereafter metal precursor cerium-zinc solutions were mixed together [25] . The prepared mixture was diluted with 100 mL of double distilled water and stirred for 1 h. Liquid ammonia was added drop by drop in the mixture under vigorous stirring until the pH reached 8.5. The obtained precipitate was filtered and washed with double distilled water until it was free from all anion impurities. Thereafter, the solid precipitate was dried at 110 o C for 24 h and calcined at 500 o C under air atmosphere for 4 h. The composite oxides, thus formed, were denoted as CZA, CZT and CZS, where C, Z, A, T and S denote Ce, Zn, Al, Ti, and Si, respectively.
Catalyst Characterization
The metal content was quantified by energy disperse X-ray (EDX) analysis using field emission scanning electron microscope (FE-SEM) (quanta 200 FEG, FEI Netherlands) and a special attachment Morphology of the catalysts was also studied using AFM supplied by M/s Molecular Tools and Devices for Nanotechnology (NT-MDT) which was equipped with NOVA software for image analysis. The samples were prepared in ethanol; a small amount of sample dispersed in ethanol solution, which was sonicated for 120 min. Afterwards, a small amount of solution dispersion was placed on a glass plate and dried at room temperature for 12 h. Then this glass plate was used for AFM analysis.
Thermo-gravimetric analysis (TGA) of the synthesized catalysts was carried out using SII 6300 EXSTAR analyzer. The weight loss was estimated from room temperature to 1,000 o C with heating rate of 10 K/min under flushing nitrogen atmosphere.
FTIR spectroscopy was used to find the surface functional groups of the synthesized catalysts by using an FTIR spectrophotometer (Thermo Nicolet, Model Magna 760) in the wave number range of 400-4,000 cm −1 using a hand pressed KBr pellet as the reference material.
Various analytical methods were used for characterizing the morphology, phase structure, and physical properties of the prepared catalysts. XRD patterns of the catalyst surface were obtained from an X-ray diffractometer (Brueker AXS, Diffractomer D8, Germany) with Cu-K α radiation (λ=1.5406 Å) and X-ray gun operated at 40 kV and 30 mA. The scanning of the catalysts was done in the 2θ range of 5 o ≤2θ ≤100 (3) where, K is the Scherrer' s constant (generally taken as 0.9), λ is the wavelength of X-ray radiation and is equal to 1.5405 Å, β is the full width of the reflection at half maximum (FWHM) in radians and θ is the scattering angle of the main reflection.
The textural properties of the catalysts were determined by using multi-point N 2 adsorption-desorption at −195 [26] and Barrett-Joyner-Halenda (BJH) [27] isotherm equations to determine various textural properties.
NH 3 -and CO 2 -TPD was performed using Micromeritics ChemiSorb 2720 instrument fitted with a thermal conductivity detector (TCD). The 50 mg sample was first degassed under helium flow (25 mL/min) in a quartz U-tube at 200 o C for 4 h, and then allowed to cool to room temperature under flowing helium. The NH 3 adsorption was performed by admitting 10% NH 3 /He stream flow (25 mL/min) at 50 o C up to saturation. Subsequently, the sample was exposed to a flow of helium (25 mL/min) at 50 o C for 2 h to remove any physically bound ammonia from the surface. Desorption study was carried out in the temperature range of 50-900 o C at a heating rate of 10 K/min under helium flow (20 mL/min). CO 2 -TPD followed the NH 3 -TPD procedure. The acidity and basicity of the synthesized catalysts were calculated from NH 3 -TPD and CO 2 -TPD peak areas using calibration curves. Joe et al. [13] Fig. 1 . All the catalysts show spherical morphology, heterogeneous and crystalline structure. The EDX image mapping of CZA, CZS and CZT catalysts is shown in Fig. S1 . The image maps show the distribution of Al, Si and Ti metals in CZA, CZS and CZT catalysts. In the CZA, the element Al is most scattered in CZA. Ti is well distributed and has least aggregation in CZT. EDX mapping also shows an almost even distribution of Ce and Zn in all catalysts. Average particle size of the catalysts as determined from the FE-SEM studies is found to be in the range of 5-20 nm. TEM image show that all particles are in the diameter range of ≈5-10 nm. AFM 3D images along with grain size distribution of the CZA, CZS and CZT is given in Fig. 2 . Average grain size (as estimated using AFM image) of CZA, CZS and CZT was found to 5.25 nm, 8.65 nm and 4.10 nm, respectively. Thus, CZS was found to have larger average grain size as compared to CZA and CZT. Eng.(Vol. 32, No. 9) FTIR spectra of CZA, CZS and CZT catalysts are shown in Fig. 3 . The origin of the vibration band seen at ~3,430 cm −1 can be ascribed to surface O-H stretching, absorbed water and N-H stretching amines groups. The peak at ~2,925 cm −1 in all the catalysts is due to C-H stretching and the peak at ~1,630 cm −1 is due to N-H bending. In CZA catalyst, the vibrations appearing in the peak at 735 cm −1 are due to Al-O vibrations and that at 543 cm −1 is due to Zn-O vibrations [29, 30] (PDF-ICDD 049-0687) are found to be present on CZT [32, 33] . All the CZA, CZS and CZT catalysts exhibited the mixed peaks of ZnO and CeO 2 phases. Fig. 4 also shows that the individual peak positions for CeO 2 and ZnO remain intact in the composite oxides. This is an indication that the composite oxides contain individual phases of ZnO, CeO 2 and some spinel forms of Zn, Ce with their supports. The CeO 2 peaks for catalysts CZA, CZS and CZT have been used in Scherrer' s equation to calculate the crystallite size of ceria using X-ray line broadening analysis. The data is summarized in Table 2 . It is observed that the γ-Al 2 O 3 , SiO 2 and TiO 2 affect the particle size of ceria.
1-2. Textural Properties
The BET surface area, pore size distribution and pore volume as obtained from the corresponding instruments are given in Fig.  5 and Table 2 . The synthesized catalysts have surface area in the range of 61-104 m 2 /g. The adsorption-desorption isotherms of the catalysts at 77.2 K confirm the generation of mesopores during their synthesis and the absence of micropores as shown in Fig. 5 . All the adsorption-desorption isotherms are of type III, according to the IUPAC interpretation and exhibit an H3 hysteresis loop [34, 35] . This confirms the presence of mesopores and absence of micropores in the synthesized catalysts. If the relative pressure increases (P/P o >0.60), then the isotherms show the capillary condensation of nitrogen within the uniform mesopores, where the P/P o position of the influence points is related to the diameter of the mesopores [36] . Among silica, alumina and titania supports, the specific surface is as follows: silica>alumina>titania [37] . Therefore, metal oxides impregnated on these supports also follow the same trend. Borgmann and Wedler [38] have reported similar trend of BET surface area for cobalt supported impregnated silica, aluminum and titania catalysts. Reddy et al. [25] also observed similar BET surface area trend for aluminum, silica and titania supported ceriazirconia catalyst.
The fractal dimension, often used as an index for estimating the irregularity or roughness of the catalyst surface, was studied using the Frenkel-Halsey-Hill (FHH) equation [39] for the CZA, CZS and CZT catalysts, to the adsorption isotherm of N 2 [40] : (2) where, q is the amount adsorbed at equilibrium pressure P, P o is the saturated pressure, D is the fractal dimension, q e is the amount adsorbed filling micropore volume and K is a constant. The logarithmic plot of (q/q e ) versus (P o /P) showed linear behavior, and D was calculated from the slope (D−3) of the straight line. Surface smoothness, irregular nature or roughness depends upon the D value. If D=2, then the surface is considered to be perfectly smooth, whereas if D=3, then the surface is very irregular or very rough. For the synthesized catalysts, the fractal dimension was found to Fig. 6(a) , and the acidity of catalysts calculated from NH 3 -TPD peak area is summarized in Table 3 . Two 
1-4. CO 2 -TPD
The profiles of CO 2 -TPD of the synthesized Ce-Zn with supported catalysts are shown in Fig. 6(b) and the basicity of the catalysts calculated form CO 2 -TPD peak area is summarized in Table 3 . The CO 2 -TPD can be classified as weak (<200 Silanol groups in amorphous silica provide weak Brønsted acidity. Calcination of silica increases the Lewis acidity and basicity due to activation of siloxane groups by dehydration reaction. In comparison, alumina and titania supports develop lower amount of Lewis acidity and basicity during their calcination [35] . Synthesized Ce-Zn have both acidic and basic sites, indicating that the catalysts can act as acid-base bifunctional catalysts; however, support materials varied the nature of the catalysts. A few investigators have reported that the presence of both acidic and basic sites helps in the transesterification of PC with methanol used for DMC synthesis [17, 20] . 1-5. Thermal Stability Thermal stability of the synthesized catalysts was determined by thermogravimetric analysis. TGA, differential thermal gravimetry (DTG), differential thermal analysis (DTA) traces of the CZA, CZS and CZT catalysts are shown in Thus, all the catalysts were highly thermally stable.
Catalytic Activity for DMC Synthesis
The catalytic activity of the cerium-zinc oxide stabilized on the three supports was tested for the transesterification of PC with methanol. The activity measurement was performed at the initial pressure of 2-5 bar and the final pressure of 20-25 bar. One mol of PC reacts with two moles of methanol to produce one mole of DMC and one mole of PG. However, an excess amount of methanol drives the reaction towards the transesterified product.
The effect of temperature on the synthesis of DMC was investigated over the temperature range of 120-200 o C. The results are shown in Fig. 7(a) . Maximum DMC yield of 77% was obtained at [22] and Wei et al. [17] . Srivastava et al. [20] reported 170 o C as the optimum temperature. The effect of molar ratio of methanol/PC on the synthesis of DMC using the three catalysts is shown in Fig. 7(b) . It is found that the DMC yield increases with an increases the mole ratio of methanol/ PC. Maximum DMC yield is observed at a methanol/PC molar ratio of 10 for all the catalysts. When the molar ratio of methanol/PC is lower, the side reaction forming PG takes place, thereby adversely affecting the DMC formation. Higher methanol/PC ratio shifts the equilibrium towards the product side [40] . The DMC yield reaches a maximum of 77%, 69% and 23% for CZS, CZA and CZT, respectively, for the molar ratio of 10 for methanol/PC. Srivastava et al. [20] Unnikrishnan and Srinivas [24] Murugan et al. [42] and Kumar et al. [43] reported a methanol/PC molar ratio of 10 as the optimum ratio for the transesterification PC with methanol for the synthesis of DMC using Fe-Zn double-metal cyanide, earth promoted MgAl hydrotelcite and KF/Al 2 O 3 catalysts, respectively.
A possible mechanism for the synthesis of DMC from PC with methanol is represented in Scheme 1 [17, 44] [16] . The main function of the solid basic catalyst is its activation with methanol through the abstraction of H + by the acid site so as to form CH 3 O − which reacts with PC to produce DMC. The higher 
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the basicity of the catalyst, the more negative is the charge of MeO − and lower is the free energy of MeO − with PC. Overall, CZS catalyst exhibited the best performance as compared to CZA and CZT catalysts. CZS has highest BET surface area, acidic and basic sites per unit mass of the catalyst. Moreover, acid site density (acidic sites per unit surface area) of the synthesized catalysts follow the sequence (Table 3) . Similarly, the basic site density of the synthesized catalysts has the following sequence (Table  3) . Thus, the basic and acidic site densities and the catalytic activity followed a similar trend. CZS having higher basicity lowers the free energy of this reaction and enhances the yield of DMC by the transesterification reaction [17] .
Juarez et al. [45] used a series of metal oxide nanoparticles namely MgO, ZrO 2 , CeO 2 and Au/CeO 2 (1.5 wt%) with acid or basic properties exhibit low to moderate activity towards the transesterification of PC with methanol. They reported that strongly basic MgO increases the PC conversion, however, for PC hydrolysis with very poor selectivity towards DMC. ZrO 2 , which is an acid metal oxide, showed low PC with better selectivity towards DMC. CeO 2 exhibited intermediate activity and selectivity towards DMC formation. Yield with CeO 2 was much better than MgO and ZrO 2 (in that order). Gold nanoparticles supported on nanocrystalline ceria (Au/CeO 2 ) exhibited much higher PC conversion, DMC selectivity and yield than CeO 2 . Wang et al. [46] used zinc-yttrium based catalysts for synthesis of DMC via transesterification of ethyl carbonate (EC) with methanol. The yield of the DMC directly correlated well with the BET surface area and basicity of the catalysts. Cui et al. [47] studied synthesis of DMC through the transesterification of EC using MgO and mesoporous silica coated MgO (MgO-SiO 2 ) catalyst. BET surface area of MgO-SiO 2 (412.6 m 2 /g) was much larger than that of the pure flower-like MgO (141.4 m 2 /g). With MgO, EC conversion in the first run was 92%, which dropped sharply to 52% in the second run, because of the stability issues. For MgOSiO 2 , EC conversion was constantly over 80% for 10 consecutive runs. Authors did not report basicity so it was not possible to correlate the results with basicity. Xu et al. [48] investigated various CeO 2 based catalysts (with different surface areas and basicity) for transesterification of EC with methanol for DMC synthesis. Catalyst CeO 2 -meso-400 (182 m 2 /g and 212 μmol CO 2 /g) had high surface area and high basicity as compared to CeO 2 -meso-500 (149 m 2 /g and 178 μmol CO 2 /g) and CeO 2 -meso-600 (108 m 2 /g and 141 μmol CO 2 /g). The highest activity was observed with CeO 2 -meso-400 with DMC yield of 73.3% as compared to CeO 2 -meso-500 (63.8%) and CeO 2 -meso-600 (57.1%). Therefore, the basicity and BET surface area of the synthesized catalysts play an important role during DMC synthesis by transesterification reactions. The catalytic activity of the supported catalyst depends upon the support. The XRD patterns, CO 2 -TPD, SEM and BET surface area provide interesting information about the synthesized catalysts with different supports and used for the transesterification of PC with methanol to produce DMC.
CONCLUSION
Ceria and zinc oxide were impregnated onto various oxides supports such as alumina (Al 2 O 3 ), silica (SiO 2 ) and titania (TiO 2 ) in the molar ratio of 1 : 1 : 2 by deposition-coprecipitation method. Variation of support changed not only the structure and textural properties of the catalyst, but also the basic strength and basic sites of the catalyst. Acidity and basicity of the catalysts directly influence in the transesterification of PC with methanol. The prepared CZA, CZS and CZT catalyst showed good catalytic activity for the synthesis of DMC from methanol and PC. CZS catalysts had higher catalytic activity due to high basic strength and high BET surface area in comparison to CZA and CZT catalysts. Moreover, the basic strength supplied by the SiO 2 also is improving the highest catalytic activity. DMC yield of 77% was observed with CZS catalyst under optimal conditions (temperature=170 o C and methanol/PC molar ratio=1 : 10).
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